Abstract The response of tobacco plants genetically engineered with the AtTPS1 gene to stress induced by excess Cu and Cd was evaluated in hydroponic solution (100 and 400 lM Cu and 50 and 200 lM Cd) after a 48 h exposure. Two transgenic lines, transformed with the AtTPS1 (trehalose-6-phosphate synthase) gene from Arabidopsis, with different levels of trehalose-6-phosphate synthase expression (B5H, higher and B1F, lower), and a wild type (WT) were investigated. Protein content, antioxidative enzymes (CAT, POD, SOD, and APX), glucose, fructose, lipid peroxidation, hydrogen peroxide and Cd and Cu contents were determined in leaves. The two transgenic lines were differently influenced by Cd and Cu exposure as they induced a different antioxidant enzymatic defense response. B1F and B5H plants showed a better acclimation to Cd and excess Cu compared to WT. Furthermore B1F was more tolerant than B5H to Cd and excess Cu. B1F accumulated less Cd and Cu in leaves, probably due to a more efficient exclusion mechanism. Catalase was shown to be the most important enzyme in the antioxidative system of these plants.
Introduction
Heavy metal pollution is an important cause of abiotic stress in plants that can limit crop productivity worldwide (He et al. 2005) . Consequently, to improve plant tolerance to abiotic stresses to maintain productivity and plant production is of paramount importance. However, for successful development of new genotypes, it is essential to fully understand the overall mechanisms by which plants respond to a specific stress condition.
Plants exposure to toxic levels of heavy metals induce changes in physiological, biochemical and molecular mechanisms responsible for metal tolerance and acclimation (Apel and Hirt 2004; Clemens 2006; Sharma and Dietz 2009) . The antioxidative defense system (both enzymatic and non-enzymatic) responsible for the removal of excess reactive oxygen species (ROS) is a plant physiological response that plays an important role in stress tolerance (Mittler 2002; Gratão et al. 2005; Gill and Tuteja 2010) .
But in stress conditions, like that caused by excess Cu and Cd, an imbalance between ROS formation and ROS removal inside the cell can be developed and the antioxidative defense system may be insufficient to prevent oxidative damage of cell structures (Moller et al. 2007; Apel and Hirt 2004; Mittler 2002) .
Copper is an essential micronutrient involved in several plant metabolic processes, as a component of enzymes and other proteins, and is involved in photosynthetic reactions (Maksymiec 1997; Hall 2002; Yruela 2009 ). However excess Cu can be phytotoxic, as it can cause oxidative stress via the Fenton reaction (Mithofer et al. 2004) . It can interfere with plant metabolism, inhibiting growth and affecting the activity of several enzymes (Fernandes and Henriques 1991; Martins and Mourato 2006; Mourato et al. 2009; Cuypers et al. 2011) .
Cadmium is not an essential nutrient for plants and is toxic to both animals and plants. Due to its high phytoavailability in soil, Cd is readily absorbed by plant roots (Sanita di Toppi and Gabbrielli 1999), and, once inside the cell, affects several cellular processes, plant growth and metabolic pathways (Schutzendubel et al. 2001; Burzyński and _ Zurek 2007) . Cadmium is a non-redox-reactive metal and is not able to induce production of ROS through a Fenton-like reaction (Smeets et al. 2005) . It induces oxidative stress in plants by blocking essential functional groups in biomolecules (Schutzendubel and Polle 2002) and by indirect mechanisms such as interaction with the antioxidative defense system, disruption of the electron transport chain or induction of lipid peroxidation (Cuypers et al. 2010 (Cuypers et al. , 2011 .
Sugars, such as glucose, sucrose and related oligosaccharides, have an active role in the plant response to oxidative stress, although they are not considered as antioxidant compounds (Valluru and Van den Ende 2008; Luo et al. 2008; Almeida et al. 2007a) .
Trehalose (a non-reducing disaccharide) plays an important role in abiotic stress protection in organisms like bacteria and crustaceans and some specific plant species (Luo et al. 2008; Wingler 2002; Nery et al. 2008) , and changes in trehalose metabolism are reported to improve plant tolerance to drought and salt stresses (Almeida et al. 2005 (Almeida et al. , 2007a . Also, trehalose is one of the most effective osmoprotectants and it has been shown to be involved in the protection of biological molecules, membranes and macromolecules such as proteins (Luo et al. 2008; Wingler 2002) .
Nicotiana tabacum L. has a potential for accumulating Cd which makes it an interesting model plant for phytotoxicity studies (Gorinova et al. 2007 ). Genetically engineered tobacco plants (N. tabacum cv. Petit Havana SR1) expressing the trehalose-6-phosphate synthase gene of Arabidopsis thaliana (AtTPS1) and transgenic lines with tolerance to water deficit stress have been previously obtained (Almeida et al. 2005 ). These lines were tested for different types of abiotic stresses, but not for heavy metal stress (Almeida et al. 2005 (Almeida et al. , 2007b . Since oxidative stress is induced by various abiotic factors, e.g., cold, heat, salt and heavy metals, it is expected that these transgenic lines will respond better to toxic concentrations of metals such as Cd and Cu.
The main objective of this work was to evaluate the response of genetically engineered tobacco to oxidative stress induced by excess Cu and Cd. This study could also help to clarify the influence of sugar metabolism changes and the protective role of sugar compounds to oxidative stress induced by heavy metal stress. For this purpose, we used N. tabacum non-transformed (WT) and two transgenic AtTPS1 lines with different levels of trehalose-6-phosphate synthase expression, higher in the B5H line and lower in the B1F line (Almeida et al. 2007b) . Tobacco plants were grown in hydroponic solution supplemented with increasing concentrations of Cd (50 and 200 lM) and Cu (100 and 400 lM), and the resultant effect was compared after 48 h of exposure. Leaf Cd and Cu concentrations were determined. Protein content, glucose, fructose, lipid peroxidation, hydrogen peroxide and the antioxidative enzymes, guaiacol peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX) and superoxide dismutase (SOD), were determined in leaves.
Materials and methods

Plant material
Nicotiana tabacum L. cv. Petite Havana SR1 was used as wild-type plants (WT) with trehalose-6-phosphate (T6P) accumulation of 3.2 lmol/m 2 in leaves, and compared to tobacco plants from two homozygous transgenic lines transformed with gene AtTPS1, with different accumulation levels of T6P: B1F (intermediate T6P accumulation: 5.2 lmol/m 2 leaf) and B5H (high T6P accumulation: 10.3 lmol/m 2 ) (Almeida et al. 2007b) . A correspondence between the levels of T6P accumulation and AtTPS1 transcript and enzyme accumulation was found for both lines (Almeida et al. 2005) .
Metal treatments (Cd and Cu)
Seeds were germinated in turf cylinders soaked with deionized water at 22-26°C for 7 days. After germination, seedlings were transferred to perforated polystyrene plates and grown on an aerated Hoagland nutrient solution [6.0 mM Ca(NO 3 ) 2 , 6.0 mM KNO 3 , 2.5 mM MgSO 4 , After a 2-week growth period, the nutrient solution was supplemented with cadmium (50 and 200 lM) supplied as CdCl 2 ÁH 2 O or copper (100 and 400 lM) supplied as CuSO 4 Á5H 2 O, using 0.1 lM Cu and no Cd as control treatments. Plants were left to grow in these conditions for 48 h. All plant treatments were performed in triplicate and plant samples were obtained using several individuals.
Cadmium and copper contents
Cadmium and copper contents were determined in plant leaves. Plant samples were dried at 105°C, to constant weight, and ground into a fine powder. Subsamples of 0.5 g were digested with 5 mL of concentrated nitric acid in a microwave oven for 45 min. The resulting solution was analyzed for Cu and Cd by atomic absorption spectrophotometry (Unicam Solaar M, using a graphite furnace for Cd).
Lipid peroxidation
Lipid peroxidation was evaluated by measuring malondialdehyde (MDA) formation using the thiobarbituric acid (TBA) method (Demiral and Turkan 2005) . MDA extraction was performed using 0.5 g of fresh leaves, homogenized with 2.5 mL of 0.1 % (w/v) trichloroacetic acid (TCA). The homogenate was centrifuged for 15 min at 10,0009g. Afterward, 4 mL of 20 % (w/v) TCA containing 0.5 % TBA was added to each 1 mL aliquot of the supernatant. This mixture was heated at 95°C for 30 min, cooled quickly on an ice bath and centrifuged for 15 min at 10,0009g. The absorbance was measured at 532 and 600 nm (to correct for unspecific turbidity), and a molar absorptivity of 155 mM -1 cm -1 was used to determine MDA concentration (in mM).
Hydrogen peroxide
Hydrogen peroxide was determined according to Singh et al. (2006) , using 0.5 g of homogenized fresh leaves macerated with 5 mL 0.1 % (w/v) TCA, at a temperature of 4°C. After centrifugation for 15 min at 10,0009g, aliquots of 0.5 mL of the supernatant were added to 0.5 mL of potassium phosphate buffer 100 mM, pH 7.0, and 1 mL potassium iodide 1 mM. Hydrogen peroxide content was calculated using a calibration curve after absorbance reading at 390 nm.
Enzyme assays and soluble protein Crude extracts were obtained by grinding 0.5 g of fresh leaves in 100 mM Tris-HCl buffer (pH 7.8), containing 3 mM dithiothreithol (DTT), 1 mM ethylenediaminetetraacetic acid (EDTA) and 2 % (w/w) insoluble polyvinylpolypyrrolidone (PVP), and centrifuged at 10,0009g for 30 min (Sigma 3-18 K, Osterode am Harz, Germany). The supernatant was filtered through 0.20 lm filters, following the procedure described by Mourato et al. (2009) . All procedures were performed at a temperature of 4°C. For APX activity, the crude extract was obtained in the presence of 10 mM ascorbate and without DTT.
POD (EC 1.11.1.7) activity was determined by modification of the methodology described by Gajewska et al. (2006) , following the increase in absorbance at 470 nm using a reaction mixture containing 30 mM 2-methoxyphenol (guaiacol) and 4 mM H 2 O 2 in 0.2 M sodium acetate buffer (pH 6.0). Enzymatic activity was defined as the consumption of 1 lmol of guaiacol per min and per mL at room temperature, using a molar absorptivity for tetraguaiacol of 26.6 mM
CAT (EC 1.11.1.6) activity was determined using the modified Aebi (1983) method, by measurement of the decrease in absorbance at 240 nm for 2 min, in a solution containing 10 mM of H 2 O 2 in 50 mM phosphate buffer (pH 7.0). Enzymatic activity was defined as the consumption of 1 lmol H 2 O 2 per min and mL using a molar absorptivity of 39.4 mM -1 cm -1 (Ali et al. 2005 ). APX (EC 1.11.1.11) activity was determined according to Sharma and Dubey (2004) , in a reaction mixture containing 0.25 mM ascorbic acid and 0.3 mM hydrogen peroxide in 50 mM phosphate buffer (pH 7.0), following the decrease in absorbance at 290 nm. Enzymatic activity was defined as the consumption of 1 lmol ascorbate per min and mL using the molar absorptivity of 2.8 mM -1 cm -1 (Sharma and Dubey 2004) . SOD (EC 1.15.1.1) activity was measured according to a modified Rubio et al. (2002) method, by an increase in absorbance at 550 nm for 2 min in a solution containing 0.5 mM xanthine, 0.05 mM ferricytochrome-c, 0.1 mM EDTA and xanthine oxidase in 100 mM potassium phosphate buffer (pH 7.6). Enzymatic activity was defined as the enzyme quantity needed to inhibit the reduction of ferricytochrome-C by 50 % per min and mL (Rubio et al. 2002) .
Soluble protein content was determined in the crude extracts according to Bradford (1976) using a calibration curve with bovine serum albumin as standard.
All the absorbance determinations were measured using a Hitachi U-2000 UV/Vis spectrophotometer.
Glucose and fructose determination
The extraction was performed using a modification of the procedure referred by Hottiger et al. (1987) : 0.5 g of fresh leaves were macerated with 5 mL of 0.1 % (w/v) TCA at 4°C. After centrifugation (12,0009g for 20 min at 4°C), 0.5 mL of supernatant was added to an equal volume of potassium phosphate buffer 100 mM, pH 7.0, and kept frozen at -20°C until subsequent analytical determination of sugars.
Sugar detection and quantification was performed using both HPLC and HPAEC. For HPLC analysis, a Waters Sugar-Pak column (Millfort, MA, USA) in a Merck Hitachi HPLC system (Tokyo, Japan) equipped with a refractive index detector (L-7490) was used. The mobile phase was 50 mg/L calcium EDTA, the column temperature 90°C and the flow rate 0.5 mL/min. HPAEC was performed on a Dionexsystem (Sunnyvalle, CA, USA) equipped with a CarboPac PA1 column in combination with a CarboPac PA guard column (Dionex) and PAD-detection. Elution (1.0 mL/min) was performed using 10 mM NaOH as the mobile phase. All samples were filtered by 0.22 lm Gelman membrane filters prior to analysis.
Statistical analysis
The statistical analysis of the data obtained was performed using the software SPSS 13.0 (SPSS Inc, 1989 . The results were subjected to a one-way ANOVA using the Tukey test to check for significant differences between means (p \ 0.05). Error bars in graphs represent ±standard deviations.
Results
Cadmium and copper contents
For determining the uptake capacity of the three tobacco lines at high concentrations of Cd and excess Cu, the levels of these metals in leaves (Fig. 1) were measured. As expected, Cu and Cd contents increased with the increase of their concentration in the nutrient solution. Except for the leaves of line B5H where no significant differences were found for both 100 and 400 lM Cu, WT plants accumulate significantly higher Cd and Cu concentrations in their leaves when compared with both transgenic lines. Both B5H and B1F tobacco lines accumulated similar amounts of Cd, while B5H accumulated more Cu than B1F.
Lipid peroxidation
The deleterious effect of ROS in cell components may be evaluated by monitoring MDA formed as a resultant product of lipid peroxidation (Fig. 2) . Wild-type plants showed a significant increase in MDA production when treated with Cu and Cd. In contrast, plants from both B5H and B1F were able to maintain and even decrease their levels of lipid peroxidation with the exception of B1F subjected to higher Cu concentration.
Hydrogen peroxide content H 2 O 2 intracellular levels in plants can be used as a measure of ROS levels. Under controlled conditions, all plants showed similar H 2 O 2 levels, but under metal stress both WT and B1F showed more efficient mechanisms to regulate intracellular H 2 O 2 concentration. WT and B1F plants showed no significant differences in H 2 O 2 levels detected with respect to Cu and a significant decrease under Cd stress (Fig. 3) .
Exposure to both Cd and excess Cu caused a significant increase in H 2 O 2 in B5H plants, indicating a low efficiency of H 2 O 2 removal. However, no higher oxidative damage was found for these plants, as shown by the obtained MDA content results presented above. Enzyme activity
The activities of the enzymes POD, CAT, APX and SOD in tobacco leaves are presented in Fig. 4 . When plants were grown under high Cu concentrations (400 lM), POD activity in WT and B5H plants increased significantly. As for Cd, the only significant increase observed was recorded in B5H plants; nevertheless, POD activity was significantly higher in WT than in B5H and B1F. CAT activity decreased with Cu and Cd in WT and B5H plants. In B1F plants, an increase in CAT activity was only observed with 200 lM Cd and no significant differences were noted under high Cu concentrations. APX activity registered a small increase with Cu concentrations in all plant lines. For Cd, no significant differences were found for WT, while an increase in APX activity was detected for B5H and a small decrease in B1F. SOD activity significantly increased in WT plants treated with 400 lM Cu and a small decrease was noticed in B1F plants grown in excess Cd.
Soluble protein
Both transgenic lines showed a higher leaf protein concentration in control conditions when compared with the WT (Fig. 5) . When subjected to increased Cu and Cd concentrations, soluble protein levels of the leaves of WT plants significantly decreased. This trend was followed by the line B5H when submitted to 400 lM of Cu. In the other cases, plants were able to maintain the same level of protein concentration. At higher Cd and Cu concentrations, line B1F showed an increase in protein concentration.
Glucose and fructose content
Foliar glucose and fructose concentrations of tobacco plants are shown in Fig. 6 . The behavior was similar for both sugars, with a general increase in their concentrations with Cu and Cd compared to the control, although there were no significant differences between the three tobacco lines. All plant lines showed an increase in glucose and fructose in response to excess Cu, while the response observed in B1F with respect to Cd was not dependent on Cd concentration in the nutrient solution.
Discussion
In this experiment, two tobacco plant lines obtained through genetic engineering with a gene involved in the biosynthesis of trehalose, a sugar conferring osmotic stress tolerance (Almeida et al. 2005 (Almeida et al. , 2007a , were biochemically compared to the respective wild-type plants under stress conditions induced by excess copper and cadmium exposure for a period of 48 h. Our results show that Cd and Cu contents in leaves are highly correlated with the respective content in nutrient solution for all plant lines tested, indicating that translocation to the leaves is proportional to the absorbed metals. In comparison to WT plants, B1F plants showed restricted uptake of both Cd and Cu, while B5H plants only showed a lower content of Cd but not of Cu (Fig. 1) . This uptake restriction might point toward an avoidance or exclusion strategy reducing translocation and metal accumulation in leaves, and thus allowing a higher tolerance to the toxic effect of metals in transformed plants.
To investigate whether the lowered plant metal concentrations in transformed plants as compared to WT plants resulted in a diminished toxicity response, MDA content was used as an indicator of oxidative damage of cell membranes (Moller et al. 2007) .
WT plants showed a significant increase in MDA content both with Cu and Cd, indicating the occurrence of lipid peroxidation (Fig. 2) ; this effect was more pronounced with Cu than with Cd, as was also observed in other plant species, e.g., in Arabidopsis thaliana (Cuypers et al. 2011) . Copper can cause damage to the membranes, and the ability of a plant to withstand toxic Cu levels is related to its ability to prevent this effect (De Vos et al. 1991) . Cu is a free radical generator, but it can also cause superoxide and hydrogen peroxide reduction to hydroxyl radicals (OH • ). These radicals are highly reactive and can target PUFA in cell membranes and can thus initiate the peroxidation of membrane lipids (Vangronsveld and Clijsters 1994) . Thus, the scavenging of superoxide and hydrogen peroxide is important to prevent oxidative damage to the membranes.
Similarly to Cu, Cd also increased MDA values in WT plants, but with no significant differences between both Cd concentrations tested. Although Cd is a non-redox-reactive metal and thus is not able to induce ROS production through a Fenton-like reaction, it can cause oxidative stress (Smeets et al. 2008; Schutzendubel and Polle 2002) .
As shown in Fig. 2, B5H and B1F plants showed less lipid peroxidation levels than WT plants, which may indicate a higher tolerance to Cu and Cd. To determine whether the lipid peroxidation is a consequence of metalinduced ROS production, the amount of H 2 O 2 was determined (Fig. 3) . H 2 O 2 production was not affected under Cu stress or even diminished under Cd exposure in WT and B1F plants, but significantly increased in B5H under both metal conditions. Gorinova et al. (2007) referred to a slight increase in H 2 O 2 cellular content in Nicotiana tabacum L. leaves after application of 100 lM and 300 lM Cd. In Matricaria chamomilla L., an increase in H 2 O 2 content with 60 and 120 lM of Cd and with 120 lM Cu was observed (Kovácik and Backor 2008) .
Whereas oxidative damage clearly already occurred after 48 h in WT plants (higher lipid peroxidation), the difference in H 2 O 2 content between B5H and B1F to metal stress could be due to a more efficient antioxidant system response in B1F preventing H 2 O 2 accumulation and establishing more tolerance in the long term.
In WT plants, POD activity was much higher under control conditions and even increased when grown with excess Cu (Fig. 4a, b) . POD activity also significantly increased in B5H plants, but its initial activity under control conditions was much lower and hence also under metal exposure in comparison to WT plants; so, this activity was insufficient to prevent H 2 O 2 accumulation. Several authors have shown the strong correlation between POD activity and heavy metal toxicity in different plants (Cuypers et al. 2002; Gajewska et al. 2006; Martins and Mourato 2006; Gorinova et al. 2007; Khatun et al. 2008; Mourato et al. 2009 ). However, the response of POD to heavy metal stress is not yet completely understood (Gratão et al. 2005 ). Peroxidases act not only in the conversion of H 2 O 2 into water, but also in the oxidation of a wide variety of substrates, mainly phenolic compounds, depending on cell localization (cytosol, vacuoles or cell wall) (Mittler 2002; Cuypers et al. 2002) . These enzymes are involved in numerous physiological roles in plant tissues, including lignin biosynthesis and pathogen defense (Yannarelli et al. 2006) . Consequently, this increase in POD activity may not be directly related solely to the increase of H 2 O 2 production detected (Martins and Mourato 2006) . In fact, the transformation of tobacco plants may have provided a protection mechanism against H 2 O 2 accumulation, besides the removal of the H 2 O 2 formed. This could explain why POD in B1F plants was not affected by Cu and Cd, which is in agreement with the other parameters studied, suggesting higher tolerance of B1F plants.
A possible explanation related to the H 2 O 2 formation in B5H plants under metal stress may be due to the Rubisco oxygenase reaction and the photorespiratory pathway that lead to H 2 O 2 formation in the peroxisomes (Apel and Hirt 2004) . In fact, in peroxisomes CAT is the enzyme catalyzing the key metabolic reaction to convert H 2 O 2 into H 2 O and O 2 (Moller et al. 2007 ) and its activity is clearly decreased and increased in B5H plants and B1F plants, respectively, under metal stress (Fig. 4c, d) . Depending on the plant species studied, the metal concentration applied and the duration of the exposure, increases and/or decreases in CAT activities have been described (Martins and Mourato 2006; Mourato et al. 2009 ). In B1F plants treated with 200 lM Cd, an increased CAT activity was correlated with lower H 2 O 2 levels in these plants. Consequently, a lower conversion to more reactive ROS (like HO Á ) is expected justifying the lower MDA content and lipid peroxidation in these plants under this condition. As for plants growing under excess Cu, CAT activity did not change in relation to control, but it also did not decrease as observed for WT plants, which could justify the constant H 2 O 2 levels observed. In B5H plants, a decrease in CAT activity was observed for plants growing both in Cu and in Cd contaminated solution, which could be the cause for the increase in H 2 O 2 levels detected in both cases. These results show that CAT is the main antioxidative enzyme involved in the defense mechanisms of these modified tobacco plants.
Although CAT is mainly present in peroxisomes, it is indispensable for detoxification during stress when high levels of ROS are produced (Mittler 2002) as highlighted by our work.
Besides CAT, APX activity may contribute to the scavenging of H 2 O 2 . However, the different affinities of APX and CAT for H 2 O 2 (micromolar versus millimolar range) suggest a role for fine modulation of ROS levels for oxidative signaling in case of APX, whereas CAT could be responsible for the removal of excess ROS in metalexposed plants (Cuypers et al. 2011) . Concomitantly, in our study, the changes in APX activity (Fig. 4e, f) were not correlated to the amount of H 2 O 2 formed, which indicated that APX was not effective in lowering H 2 O 2 levels. Different responses of APX activities were also apparent when studying plant metal responses in different experimental setups. Demirevska-Kepova et al. (2004) reported no alteration in APX activity under excess Cu, while Drazkiewicz et al. (2003) observed a decrease of APX activity in A. thaliana plants exposed to excess Cu for 1 and 3 days. Only after 7 days of Cu exposure an increase in APX activity occurred. In Arabidopsis seedlings exposed to Cd, Smeets et al. (2008) found an increase in APX activity after 24 h exposure to 5 and 10 lM Cd in leaves of 3-week-old A. thaliana plants.
Total SOD activity was generally not significantly affected in the plants studied in our experimental conditions (Fig. 4g, h ), except for a slight increase in WT plants under Cu stress and a slight decrease in WT and B1F under Cd stress. This suggests that this enzyme is not heavily involved in the antioxidative response of these plants under the studied conditions. Oxidative damage of proteins and consequent denaturation of their functional and structural characteristics are the deleterious effects of ROS at the cellular level. As seen in Fig. 5 , excess Cu and Cd caused a significant decrease in foliar protein content of WT plants. Djebali et al. (2008) found a decrease in protein content in Lycopersicon esculentum L. leaves after exposure to 100 and 300 lM Cd, and Mazhoudi et al. (1997) observed a similar response, also of tomato, with 50 lM Cu. The results for B5H plants were similar to those of WT plants under Cu stress, whereas no significant differences were observed for Cd. A decrease in protein content in B5H leaves was detected, which was intensified with higher metal concentration. Additionally, Cd and 400 lM Cu induced a slight increase in protein content in B1F plants. These plants had already shown a better capability of controlling the H 2 O 2 content and those under Cd stress were not affected by lipid peroxidation. Thus, B1F plants appear to have a better potential to cope with heavy metal toxicity, by minimizing the damage that can affect plant growth. Wingler (2002) referred that trehalose stabilized proteins by preventing denaturation. This protein protection may include also the protection of the antioxidant enzymatic system and this was particularly evident in the increase in CAT activity in B1F plants.
Tolerance is usually a multifactor effect and other protection mechanisms against oxidative damage can be triggered in transformed plants, related to the transformation performed. The osmoprotective role of trehalose, lowering the rate of oxidation of unsaturated fatty acids (Oku et al. 2003) or avoiding oxidative damage caused by H 2 O 2 and other ROS (Benaroudj et al. 2001) , probably contributes to the different tolerance between WT and transformants to metal stress. Luo et al. (2008) suggested a direct role of trehalose in eliminating H 2 O 2 and O 2 -Á in wheat under heat stress and also a role protecting antioxidative enzymes (mainly SOD and CAT). Wingler (2002) reported that even with higher expression levels of trehalose-6-phosphate synthase, trehalose itself can be quickly degraded by trehalase, which could explain the higher glucose contents in our plants (Fig. 6 ). Cortina and Culiáñez-Macià (2005) suggested that changes in carbohydrate metabolism produced by trehalose biosynthesis can be linked to the stress response. Transformed tobacco plants with a higher trehalose-6-phosphate expression than WT, used in this work, were previously tested and showed higher tolerance to drought and salinity (Almeida et al. 2005) . It has also been proposed that small water-soluble sugars like glucose can also be involved in responses to oxidative stress (Couée et al. 2006; Van den Ende and Valluru 2009 ). B1F plants had significantly elevated glucose contents under control conditions in comparison to the other genotypes (Fig. 6a,  b) . The increased glucose and fructose contents in response to metals, compared to control conditions, suggest that tolerance of tobacco plants may not be directly related with trehalose itself, but mostly with the overall influence of the transformation on sugar metabolism. This increase in glucose levels could indicate a decrease in the use of this sugar in stressed plants (Bailey et al. 2003) .
This work demonstrated that the overexpression of AtTPS1 gene, a trehalose biosynthetic gene, and consequent higher accumulation of trehalose-6-phosphate synthase, had a potential for improving short-term resistance to Cd and excess Cu exposures in tobacco plants, besides the positive effect previously reported (Almeida et al. 2005 ). Both transgenic lines tested behave differently with respect to the two metals, Cd and Cu, as they induce a different antioxidant enzymatic defense response. B1F and B5H plants showed a better tolerance to Cd and excess Cu compared to WT, and B1F was more resistant than B5H to Cd and excess Cu, as suggested by lipid peroxidation, H 2 O 2 and protein content results. B1F accumulates less Cd and Cu in leaves, probably due to a more efficient exclusion mechanism. CAT was shown to be the most important enzyme in the antioxidative system of these plants and was particularly important in the tolerance of B1F.
The genetic transformation for higher accumulation of trehalose-6-phosphate affected positively plant tolerance to stress induced by Cd and excess Cu. We suggest that the tolerance of transformed plants is influenced by the overall plant sugar metabolism, itself a consequence of the transformation with the AtTPS1 gene, albeit not specifically related with the high expression of trehalose gene, as B1F (lower gene expression) was apparently better adapted to overcome Cd and Cu toxicity than B5H. Present knowledge suggests that, even though trehalose is considered an important agent in ROS protection, other mechanisms must be involved in oxidative stress protection and, thus, plant adaptation.
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